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Abstract 
Managing lake eutrophication requires a clear understanding of resource limitation of primary productivity, yet histori-
cally research on this subject has focused on temperate lakes. In 2010, we quantified several metrics of resource 
limitation in Lake Atitlán, Guatemala, Central America’s deepest tropical mountain lake that has recently experienced 
extensive phytoplankton blooms. In contrast to many temperate lakes, Lake Atitlán did not show a relationship between 
total phosphorus (TP) and chlorophyll a (Chl-a) concentrations. Average molar ratios of total nitrogen (TN) to TP 
decreased from 16.4 to 4.5 between stratified and mixing conditions. During our monitoring period, Tropical Storm 
Agatha landed on Guatemala, washing in sediment from the watershed, and concentrations of P temporarily increased 
in the lake by >60%. Initial experimental bioassays indicated phytoplankton growth was colimited by N and P prior to 
the storm, whereas post-storm assays suggested limitation by P and trace elements. Compared to previous years, 
Limnoraphis robusta, an N-fixing cyanobacterium, increased in abundance earlier in the year; however, there was no 
bloom event during our sampling period. Experimental studies indicated that nitrogenase activity was limited by P and 
iron availability while light was secondarily limiting of overall phytoplankton growth. This study illustrates the potential 
for baseline nutrient and phytoplankton growth dynamics to substantially differ for tropical lake systems from conven-
tionally studied temperate lakes and the potential for “pulse” events (e.g., tropical storms) to alter those dynamics. 
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Introduction 
Despite decades of research on the causes and conse-
quences of eutrophication, cultural eutrophication remains 
the primary issue facing lakes and other aquatic 
ecosystems (Smith and Schindler 2009). Fertilizer use, 
inadequate wastewater management, and the conversion 
of forests to agriculture and other land use changes have 
dramatically increased global availability of nitrogen (N) 
and phosphorus (P), the key limiting nutrients in aquatic 
ecosystems (Falkowski et al. 2000, Foley et al. 2005, Elser 
et al. 2007). In lakes, cultural eutrophication occurs when 
anthropogenic increases in nutrient availability promote 
phytoplankton growth and can lead to nuisance or harmful 
phytoplankton blooms that can impact human 
communities reliant on surface water as a drinking source 
for themselves or domestic animals (Carpenter et al. 1998, 
Funari and Testai 2008, Stewart et al. 2008). In many 
tropical regions, freshwater is used directly from streams 
and lakes without pretreatment whereas dietary protein is 
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supported substantially from inland water fisheries (Beard 
et al. 2011). Communities in tropical areas will remain 
particularly vulnerable to the consequences of cultural 
eutrophication because anthropogenic pressures and 
climate change may amplify nutrient fluxes to aquatic 
systems while the expanding global population places 
increased demand on ecosystem services provided by 
these aquatic systems (MEA 2005).
Although the majority of studies on nutrient dynamics 
or the resources that limit phytoplankton growth or 
production rely on data collected in temperate lakes, 
existing and emerging research from tropical aquatic 
ecosystems indicates substantial differences between 
temperate and tropical ecosystems (Huszar et al. 2006, 
Boyero et al. 2009, Abell et al. 2012). The iconic relation-
ship between total phosphorus (TP) and chlorophyll a 
(Chl-a) concentrations seems to be weaker and more 
variable in tropical than in temperate lakes (Huszar et al. 
2006). N limitation is thought to be common in tropical 
lakes (Lewis 1996, Talling and Lemoalle 1998, Abell et al. 
2012), and tropical lakes generally have higher monthly 
minimum solar irradiation values than temperate lakes, 
which, by increasing thermal stability and biological 
process rates, may lead to tighter nutrient cycling rates 
(Lewis 1996). Hydrodynamic mixing regimes are not 
easily predicted in tropical lakes (Gunkel and Casallas 
2002). Warmer temperatures may also lead to more 
frequent anoxia in the hypolimnion of tropical lakes, 
thereby increasing rates of denitrification and reducing N 
availability relative to P (Lewis 2002). Although the pre-
dominance of N limitation in tropical lakes is mostly 
supported by theoretical arguments, observations of lower 
ratios of total nitrogen (TN) to TP in tropical lakes 
compared to temperate lakes lends support to the 
hypothesis (Abell et al. 2012). Yet, the hypothesis has 
remained little tested directly. Alternatively, phytoplank-
ton growth limitation by another resource, light, has been 
a suggested explanation for the weaker relationship 
between TP and Chl-a in tropical lakes, but this hypothesis 
also remains little tested (Huszar et al. 2006). Thus, 
improved data on nutrient dynamics and resource 
limitation in tropical lakes are needed to better inform 
management of these freshwater resources (Downing et 
al. 1999). 
In evaluating nutrient limitation in a lake, 2 commonly 
used methods include correlations between nutrient 
content and phytoplankton biomass and experimental 
bioassays (Hecky and Kilham 1988, Elser et al. 1990); 
however, both have drawbacks. Both methods often use 
Chl-a concentrations as a proxy for phytoplankton 
biomass; however, this relies on the assumption that 
percent Chl-a is constant in the phytoplankton biomass. 
This assumption may be violated if light regimes or phy-
toplankton species composition change (Desortová 1981, 
Osborne and Raven 1986, Felip and Catalan 2000); 
therefore, correlative evidence relating concentrations of 
Chl-a to nutrients can include large variation in the rela-
tionship. In addition, nutrient concentrations in the lake 
water may not actually represent the nutrients available to 
the phytoplankton (Lewis and Wurtsbaugh 2008). In 
contrast, bottle bioassay experiments necessarily extract 
the phytoplankton community from higher trophic level 
interactions, nutrient fluxes from sediments or the 
atmosphere, and other longer-term processes that 
influence lake ecosystem dynamics (e.g., Hecky and 
Kilham 1988, Schindler et al. 2008). Although interpreta-
tions of results from either method should be done with 
caution, limnological studies that combine monitoring 
efforts with experimental resource bioassays using 
ambient phytoplankton communities may provide more 
reliable insights into the role nutrient supply has on a 
lake’s trophic status (Xu et al. 2010).
In this study, we report the results of an intensive 
year-long study of Lake Atitlán, a deep, tropical, volcanic 
lake in Guatemala, which aimed to (1) quantify lake phys-
icochemical dynamics and (2) assess resource limitation 
of primary production and N fixation. Nutrient bioassay 
experiments were used to compare nutrient limitation in 
different seasons (wet vs. dry) and under different hydro-
logical conditions (stratification vs. mixing) whereas 
comparisons of Chl-a and total nutrient concentrations 
were used to test for lake-wide responses of phytoplank-
ton to changing nutrient conditions. Based on the 
arguments of Lewis (1996, 2002) that outline losses of N 
from tropical lake ecosystems, we expected tests of 
nutrient limitation to reveal N limitation of phytoplankton 
in Lake Atitlán. Notably, our monitoring and experimental 
efforts took place in 2010, the year Tropical Storm Agatha 
struck Guatemala. Tropical Storm Agatha landed in 
Guatemala during 28 to 29 May with sustained wind 
speeds >20 m s−1, deposited 0.27–0.90 m of rain in the 
mountainous areas, and caused considerable flooding and 
landslides in Lake Atitlán’s watershed (INSIVUMEH 
2010, NOAA National Climate Data Center 2010). This 
unexpected pulse event allows some insight into how 
hurricanes affect nutrient availability and limitation of 
phytoplankton growth in this regionally important lake.
Study site
Lake Atitlán, the deepest lake in Central America (341 
m), formed ~84 000 years ago from a collapsed caldera 
(Fig. 1). This 137 km2 lake basin has no surface outlets 
and is bordered by 3 volcanoes: Atitlán, San Pedro, and 
Tolimán. The region has 2 main seasons: dry (Nov–Apr) 
and wet (May–Oct); the wet season accounts for the 
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majority of the ~1000 mm annual precipitation. The lake, 
located at ~1550 m a.s.l., is considered warm monomictic, 
with mixing occurring during the wet season and with 
stratification persisting during the remainder of the year 
(Deevey 1957, Weiss 1971). Bottom water temperatures 
remain at 19.5–20.0 °C throughout the year (Deevey 
1957). Secchi depths (water transparency) from studies of 
the lake in the 1900s–1980s ranged from 8 to 10 m in the 
rainy season and as deep as 20 m in the dry season 
(Rejmánková et al. 2011). Brezonik and Fox (1974) 
classified the lake as highly oligotrophic based on data 
from 1969; however, recent research suggests that the 
lake is being altered dramatically due to increased anthro-
pogenic pressures (Rejmánková et al. 2011). The 
watershed hosts ~250 000 people, 5 times the basin’s 
population size in the 1960s (LaBastille 1974), and 32% 
of the landscape is agricultural. Wastewater treatment is 
minimal due to technological limitations, bureaucratic 
barriers, and steep topography; tertiary treatment is 
nonexistent, and most of the nutrient-rich sewage reaches 
the lake untreated (Dobias and Leshem 2008). Recent TN 
concentrations have doubled over historical values. Weiss 
(1971) found TN concentrations between 100 and 200 µg 
L−1 N in the late 1960s, whereas Rejmánková et al. (2011) 
recorded concentrations as high as 470 µg L−1 N in 
November 2009. TP concentrations in the lake have 
increased by nearly 9-fold over historical values. 
Brezonik and Fox (1974) detected TP concentrations at 
10 µg L−1 P in 1969, whereas Rejmánková et al. (2011) 
found mean surface TP concentrations reaching 95 µg L−1 
P in November 2009. 
Nearly every year since 2008, cyanobacterial blooms, 
formed mostly by Limnoraphis robusta Komárek 
(synonymous with Lyngbya robusta), have occurred in the 
lake. The largest cyanobacterial bloom occurred in 
November 2009, covering nearly half the lake’s surface 
area for almost 2 months (Rejmánková et al. 2011). 
Fortunately, Limnoraphis does not contain identified 
genes for currently known cyanotoxins (Komárek et al. 
2013, Woodhouse et al. 2013); however, increasing 
frequency of the planktonic cyanobacterium Microcystis 
aeruginosa Kützing ex Lemmermann along the shore and 
in the center of the lake is of great concern because 
Microcystis is known to produce hepatotoxic microcystin 
and could proliferate if nutrient dynamics shift substan-
tially (WHO 1999, Rejmánková et al. 2011, Komárek et 
al. 2013). Overall, the decreases in water transparency, 
increases in TN and TP, and presence of bloom-forming 
cyanobacteria indicate the lake has moved from an oligo-
trophic state to a eutrophic state. 
Fig. 1. Lake Atitlán, Guatemala. Sampling locations are shown in white circles, including the lake sites (Center, Panajachel Bay, and Santiago 
Bay) and at the inlets of the rivers (Río Quiscab and Río San Francisco). Major towns surrounding the lake are shown as black triangles; rivers 
are shown as black arrows.
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Methods
Water and biological sampling
We focused our study at 5 locations in 2010: 3 lake sites 
and 2 inflow river sites (Fig. 1). The 3 lake stations were 
located in the pelagic zone in the deepest part of the lake 
(hereafter Center; Weiss 1971) and at nearshore bay 
stations (Panajachel Bay and Santiago Bay, hereafter 
Bays). The 2 river sites were located in the main river 
inflows to Lake Atitlán (Río San Francisco and Río 
Quiscab, hereafter Rivers). River sites were sampled to 
monitor nutrient inflows into the lake. Intensive sampling 
and experimental efforts at the Center and at least one Bay 
and River station occurred twice during the dry season 
(Apr and Dec) and twice during the rainy season (Jun and 
Aug), whereas monthly monitoring at Center and Bay 
stations consisted of water transparency measurements, 
temperature measurements, and sampling for determina-
tion of phytoplankton community composition. The 
monthly sampling in May took place 21 May, just prior to 
Tropical Storm Agatha, and the sampling in June occurred 
during 21–24 June, <4 weeks after Tropical Storm Agatha. 
The thermocline was defined as the depth of the maximum 
temperature change per meter based on monthly 
temperature profiles recorded at Center. We were unable 
to sample in November due to logistical constraints. 
During each intensive sampling event, we monitored 
physicochemical properties (water transparency and 
temperature), concentrations of ammonium (NH4
+), nitrate 
(NO3
−), soluble reactive phosphorus (SRP), TN, TP, and 
Chl-a, and plankton community composition. Transpar-
ency at the lake sites was determined using a 20 cm 
diameter black and white Secchi disk, averaging readings 
from at least 2 observers. Water temperature was collected 
using a Hydrolab Minisonde 4 (Hach, Loveland, CO) in 
April and a YSI 58 (YSI Inc., Yellow Springs, OH) in 
June, August, and December. Lake water samples for 
nutrient and Chl-a analyses were collected using a Van 
Dorn sampler. At Center, samples were collected at 1, 5, 
10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 
250, and 300 m depths. Bay water samples were collected 
at the same depths in Panajachel and Santiago, although 
collections went only as deep as 30 m and 60 m, respec-
tively, due to shallower bathymetry. For qualitative 
assessment of phytoplankton community composition, 
lake water was collected using a vertical plankton net 
(10 or 40 μm mesh) from 10 to 20 m. For quantitative 
assessment of phytoplankton community composition, 
lake water was collected with a Van Dorn sampler; 500 mL 
was fixed in Lugol’s (final concentration of Lugol’s 2%) 
and 500 mL was fixed in formaldehyde solution (final con-
centration of 4%). Samples were concentrated to 10 mL by 
filtering through an 8 µm mesh, and counted using 
Sedgwick Rafter and Palmer-Maloney counting chambers. 
Relative concentrations and biovolumes were calculated 
from counts based on average biovolumes for observed 
phytoplankton species (Bellinger and Sigee 2010). River 
sites were sampled only for nutrient analysis. Water 
samples were collected using a grab bottle from surface 
waters at 1–5 locations within 300 m of the river mouth.
Laboratory analyses
Water samples for nutrient and Chl-a analyses were kept 
in the dark on ice during transportation to the field 
laboratory. Samples for nutrient analysis were filtered 
through Whatman GF/F glass microfiber filters (0.7 μm 
pore size); total nutrient concentration analyses were 
performed on unfiltered samples. Particulate phosphorus 
(PP) samples were analyzed on Whatman GF/F glass 
microfiber filters (0.7 μm pore size). When possible, 
samples were analyzed locally in the field laboratory at 
Panajachel, Guatemala, within 2 weeks of sampling; 
otherwise, they were transported on ice to the University 
of California, Davis, USA, where they were frozen until 
analysis within 3 months. SRP, which was always 
analyzed in Panajachel, was analyzed spectrophotometri-
cally using the molybdenum-blue method (detection limit: 
1.0 µg L−1 P; Murphy and Riley 1962). In Panajachel, 
NH4
+ was analyzed using the indophenol-blue method 
(Solorzano 1969, Liddicoat et al. 1975), and NO3
− was 
analyzed using the hydrazine method (Kamphake et al. 
1967, Strickland and Parsons 1972). At University of 
California, Davis, NH4
+ (detection limit: 1.0 µg L−1 N) and 
NO3
− (detection limit: 1.0 µg L−1 N) were analyzed using a 
Lachat QuikChem 8000 Flow Injection Analyzer (Hach 
Company, Loveland, CO), using method Hach (Lachat) 
80-107-06-1-A for NH4
+, and method Hach (Lachat) 
80-107-04-1-A for NO3
−. Dissolved inorganic nitrogen 
(DIN) was calculated as the sum of NH4
+-N and NO3
−-N. 
TN and TP analyses were always performed at the 
University of California. TN (detection limit: 1.0 µg L−1 
N) was analyzed on the Lachat FIA using method Hach 
(Lachat) 31-107-04-4-A. TP and PP (detection limit: 1.0 
µg L−1 P) were analyzed using an acid persulfate digestion, 
after which the samples were treated in the same fashion 
as SRP (Strickland and Parsons 1972, Fishman and 
Friedman 1985). Samples for Chl-a analyses were filtered 
onto Whatman GF/C glass microfiber filters (1.2 μm pore 
size), extracted with methanol, and analyzed fluorometri-
cally for Chl-a and phaeophytin concentrations. Acid-cor-
rected values for Chl-a are reported here.
Nutrient and Chl-a concentrations are reported as 
averages for the epilimnion (0–20 m), metalimnion 
(25–40 m), and hypolimnion (≥60 m), reflecting stratifica-
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tion regimes in the lake during intensive sampling events 
in April, June, and August. To aid in the interpretation of 
nutrient and biological dynamics, we also used these 
categories for December, even though the lake was not 
clearly stratified during this month. When concentrations 
were below the detection limit, one-half of the detection 
limit value was input into calculations. Phytoplankton 
samples were preserved in Lugol’s solution and stored in 
the dark until analysis. The genera and species of phyto-
plankton were determined using the following literature 
and sources: Smith 1950, Wehr and Sheath 2002, 
Oyadomari 2010, Spaulding et al. 2010, Komárek and 
Hauer 2011, Komárek et al. 2013, and http://westerndi-
atoms.colorado.edu.
Nutrient and light bioassays
We performed 11 experiments between April and 
December 2010 to assess the response of phytoplankton 
or N-fixing Limnoraphis to changes in nutrient or light 
availability (Table 1). These bioassays were conducted 
during intensive sampling events in April, June, August, 
and December. All experiments were performed using 
water and phytoplankton collected at Center. Phytoplank-
ton was collected from different mixed layers (epilimnion, 
metalimnion, or hypolimnion) to test nutrient limitation in 
different phytoplankton communities using Chl-a as a 
response variable. Lake water samples of 1–3 L were 
collected and pooled from different depths in each mixed 
layer (Table 1). The lake water was screened immediately 
with 153 µm Nitex (Wildlife Supply, Buffalo, NY, USA) 
to remove zooplankton but allow inclusion of filamentous 
cyanobacteria. Acid-cleaned, 250 mL clear polycarbonate 
bottles were filled with lake water from the respective 
pooled mixed layer and amended with a nutrient 
treatment. Treatment replicates (n = 4) consisted of 
amendments of N (as NH4NO3), P (as KH2PO4), N + P 
(NP), trace elements (TE; following the Algal Trace 
Elements portion of the COMBO recipe in Kilham et al. 
1998), and control (Ctrl; no amendment). Amendments for 
P were performed to approximately double ambient con-
centrations of SRP at Center. Amendments for N and TE 
were made in Redfield ratio to P additions (e.g., atomic 
ratio of N:P = 16:1; Redfield 1958). All nutrient 
amendments were made by adding <1 mL of the 
respective nutrient stock to minimize volume difference 
between samples. Sampling for the cyanobacterium 
Limnoraphis is described below. Light manipulation 
bioassays were performed using the epilimnetic phyto-
plankton community. The light manipulation consisted of 
3 levels of incident light to span the range of light 
conditions experienced by phytoplankton community in 
the epilimnion (1–20 m depth) in full factorial with N, P, 
NP, and Ctrl nutrient treatments. Light manipulation 
bioassays were performed in April only. 
All bioassays were conducted in situ. In April, bottles 
were attached to a rope, anchored, and incubated at Center 
(Fig. 1) at depths corresponding to the phytoplankton 
community origin (epilimnion at 4 m, metalimnion at 
30 m, and hypolimnion at 80 m). For the light manipula-
tion bioassays, bottles were incubated at 1, 4, and 20 m to 
achieve light treatments that corresponded to 75%, 33%, 
and 15% of incident light, respectively. Incident light was 
determined at depth as photosynthetically active radiation 
(PAR) using a LiCor 1400 Photometer (LI-COR, Lincoln, 
NE, USA) with a LI-192 underwater quantum sensor. 
Measurements were made at the start of the experiment 
in sunny conditions. Because light manipulations were not 
performed after April, all subsequent bioassay experiments 
were incubated off a dock in turbid water at <1 m depth 
outside of Panajachel. In lieu of performing light manipula-
tions in June, August, and December, we assessed the 
effects of light availability on phytoplankton growth across 
all epilimnion bioassays by comparing phytoplankton 
response to nutrient additions and mean light levels in the 
epilimnion. We calculated mean light levels in the 
epilimnion during each month a bioassay was performed 
based on Secchi disk depth and mixing layer depth (Table 1) 
following the equations in Sterner et al. (1997; equation 1): 
 Im = (1 – e^-Kzm)/Kzm, (1)
where Im is the mean light in the mixed layer, K is the 
extinction coefficient (K = 1.54/Secchi disk depth), and zm 
is the mixing depth. After 3–4 days, bottles were removed 
from their incubation site and held in the dark until 
filtration for Chl-a later that day. We used 3–4-day 
incubations to allow a growth response by the phytoplank-
ton and to minimize bottle effects (Elser et al. 1990). Phy-
toplankton was filtered (using Whatman GF/C filters) and 
analyzed for Chl-a and phaeophytin as described earlier. 
For each experiment (Table 1), we calculated the relative 
response of changes in the concentration of Chl-a in each 
treatment (N, P, NP, or TE) compared to the changes in the 
concentration of Chl-a in the control based on equation 2:
 (Chl-atreatment – Chl-acontrol)/Chl-acontrol x 100%. (2)
In August and December, Limnoraphis N-fixation 
assays were performed alongside nutrient bioassays 
(Table 1); N fixation was estimated using the acetylene 
reduction method (Stal 1988). Samples of Limnoraphis 
were collected from Center station and filtered onto a 
plankton net (40 μm) to concentrate the filaments in the 
lake water. Concentrated phytoplankton (with >95% 
Limnoraphis) was then divided into acid-cleaned, 250 mL 
376
DOI: 10.5268/IW-5.4.843
  Jessica Corman et al. 
© International Society of Limnology 2015
clear polycarbonate bottles and spiked in replicate (n = 4) 
with the respective enrichment solutions. In August, 
treatments consisted of N, P, NP, TE, and Ctrl, as 
described earlier. In December, following the significant 
response of N fixation to TE in August, we tested iron (Fe) 
and molybdenum (Mo) to differentiate between potential 
nitrogenase cofactors. December N fixation bioassay 
treatments therefore consisted of N, P, NP, Fe (as 
FeEDTA ), PFe, and Mo (as NaMoO4). After 3 days of 
incubation off the dock outside of Panajachel, bottles were 
returned to the lab and sampled for Chl-a, as described 
earlier, and N fixation potential. For the N fixation 
analysis, 2-replicate aliquots of 25 mL of homogenized 
water from each bottle were added to N-fixation vials and 
sealed with a Teflon septum. Acetylene, freshly generated 
from calcium carbide, was injected into each vial. After 
3 h, several mL of headspace were sampled with an 
airtight syringe (All-Tech) and analyzed for ethylene by 
gas chromatography (Shimadzu 8 GC) with a flame 
ionization detector and HaySep D packed column at 
80 °C. In August, acetylene reduction was performed 
2 days after aliquots were distributed into vials at the 
University of California because fresh calcium carbide 
was not available in Guatemala. Vials were kept at 23 °C 
during transport and exposed to light during the second 
day for 12 h. The N-fixation run was performed during the 
night of the second day at 20–21 °C. The results are 
reported as chlorophyll-specific nitrogenase activity in 
nmol C2H4 μg Chl-a−1 h−1.
Statistical analyses
To test for lake-wide responses of phytoplankton to 
changing nutrient conditions, we assessed the relation-
ship between TN or TP and phytoplankton biomass (as 
Chl-a) in the epilimnion across all lake sites (Center and 
Bays) using Pearson’s r. Next, to test for resource 
limitation within and across seasons, we used a series of 
ANOVA tests. To test for resource limitation (light or 
nutrient) of the phytoplankton community in the 
epilimnion in the April experiment, we used a 2-way 
ANOVA (factors: light and nutrient treatment). To 
determine if nutrient limitation varied significantly by 
phytoplankton community or season, we performed a 
global significance test of nutrient enrichment 
experiments from 2 phytoplankton communities, the 
epilimnion and metalimnion, and from all seasons using a 
3-way ANOVA (factors: nutrient treatment, phytoplank-
ton community, and month). To determine nutrient 
limitation within each season and phytoplankton 
community, the significance of nutrient treatment was 
tested using a one-way ANOVA. If the nutrient treatment 
was found to be a significant factor, a hierarchical logic 
series based on Maberly et al. (2002) was used to 
determine the type of nutrient limitation (Table 2). For 
example, single nutrient limitation was defined as a 
significant treatment effect in which only a single nutrient 
treatment led to an increase in Chl-a over the control 
treatments (Harpole et al. 2011). Colimitation was 
Experimental Type or 
Treatments Month Season zmix Depth
Phytoplankton 
community zsampled
Temp (°C) 
zsurface
Ctrl, N, P, NP, TE April dry 30 Epilimnion <153 µm 1, 5, 10, 15, 20 22.7
Ctrl, N, P, NP, TE Metalimnion <153 µm 30, 40 21.3
Ctrl, N, P, NP, TE Hypolimnion <153 µm 80, 100 20.2
Ctrl, N, P, NP, TE June rainy 20 Epilimnion <153 µm 1, 5, 10, 15, 20 23.4
Ctrl, N, P, NP, TE Metalimnion <153 µm 30 21.8
Ctrl, N, P, NP, TE August rainy 20 Epilimnion <153 µm 1, 5, 10, 15, 20 23.7
Ctrl, N, P, NP, TE Metalimnion <153 µm 30, 40 22.0
Ctrl, N, P, NP, TE December dry 70 Epilimnion <153 µm 1, 5, 10, 15, 20 21.2
Light Manipulation (Ctrl, N, 
P, NP each @ 75, 33, and 
15% surface light)
April dry 30 Epilimnion < 153 µm 1, 5, 10, 15, 20 22.7
N-fixation (Ctrl, N, P, NP, TE) August rainy 20 Epilimnion Lyngbya 1, 5, 10, 15, 20 23.7
N-fixation (Ctrl, N, P, NP, Fe, 
FeP, Mo)
December dry 70 Epilimnion Lyngbya 1, 5, 10, 15, 20 21.2
Table 1. Experimental bioassays performed in Lake Atitlán in 2010, with a description of thermocline depth (zmix), depth of water collected for 
pooled samples (zsampled), and surface water temperature at the time of the experiments. All lake water samples and phytoplankton were collected 
from Center. Experiments employed nutrient additions of nitrogen (N), phosphorus (P), trace elements (TE), iron (Fe), and/or molybdenum 
(Mo), or no additions, control (Ctrl), as noted in the first column.
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defined broadly to include all scenarios in which the NP 
treatment had the greatest responses (e.g., “simultaneous 
colimitation,” “independent colimitation,” and “serial 
limitation”; sensu Harpole et al. 2011). 
To test for nutrient stimulation of Limnoraphis 
nitrogenase activity, we also used a one-way ANOVA 
within each month (Aug and Dec) followed by a Tukey’s 
honestly significant difference (HSD) test for post hoc 
comparisons. Finally, we tested if nutrient availability in 
the lake was correlated with nutrient limitation as 
determined by the phytoplankton community bioassays 
(Ptacnik et al. 2010). Only epilimnetic and metalimnetic 
bioassays were included. The Chl-a response, as 
determined in equation 2, was considered the dependent 
variable. The Chl-a response was regressed individually 
against several environmental variables: the concentra-
tions of SRP, NO3
−, NH4
+, TP, TN, and the molar ratios of 
DIN:SRP, DIN:TP, and TN:TP during the experiment. 
Correlation strength was determined using Pearson’s r. 
All statistical analyses were considered significant at 
the 0.05 significance level. Statistical analysis was 
performed in R (v3.1.1); Pearson’s r was determined using 
the Hmisc package (Harrell 2010). When necessary, 
dependent variables were transformed (i.e., log- or square 
root transformations) to meet test assumptions. Unless 
otherwise indicated, however, raw data are shown to 
facilitate data interpretation. Values are reported as means 
±1 standard error.
Results
Water physicochemistry 
Hydrodynamic and water transparency data (Fig. 2 and 3) 
indicated that the lake was stratified by April when the 
first intensive sampling effort occurred. Thermal stratifica-
tion was established with as little as a 3.3 °C temperature 
difference between the surface and the metalimnion 
(Fig. 2). Although the monthly temperature record was too 
coarse to detect changes in stratification following 
Tropical Storm Agatha (Fig. 2), the congruence in Secchi 
disk depths across sampling stations in June suggests 
some mixing in the epilimnion may have occurred 
(Fig. 3). The lake remained stratified from June through 
October, with the thermocline near 25 m (Fig. 2). In 
December, the difference between surface and deep waters 
(250 m) was only 1.2 °C, suggesting weak or no stratifica-
tion. Water transparency was greatest in April (15.5 m 
Secchi disk depth at Center; Fig. 3). 
During the sampling period, changes in nutrient con-
centrations in the lake were decoupled between N and P 
species (Fig. 4a–e). In Center, concentrations of NO3
− in 
the epilimnion and metalimnion were near or below the 
Fig. 2. Water temperature profiles of Lake Atitlán at Center during 
2010. Month indicated in bottom right of panels.
Fig. 3. Secchi disk depths in Lake Atitlán in 2010. Monthly readings 
were taken in 3 locations, Center and each Bay (Panajachel and 
Santiago). Dashed grey horizontal line indicates date of Tropical 
Storm Agatha. No readings were taken in November.
Order Logic Decision
1 P > Ctrl and N > Ctrl 
and TE > Ctrl
All nutrients limiting
2 2 Treatments > Ctrl Both nutrients 
limiting
3 P > Ctrl P limitation
4 N > Ctrl N limitation
5 NP > N or NP > P Colimitation
6 P ≤ Ctrl, N ≤ Ctrl, NP 
≤ Ctrl, TE ≤ Ctrl
No nutrient limitation
Table 2. Hierarchical logical sequence to distinguish between 
different forms of nutrient limitation based on phytoplankton growth 
(or nitrogen fixation) response under different treatments: Ctrl 
(control), phosphorus (P), nitrogen (N), NP (N + P) or trace element 
(TE). Secondary limitation was defined as when 1 or 2 was true, but 
responses of the nutrients were significantly different based on 
Tukey’s Honestly Significant Difference (HSD) post hoc 
comparison. Sequence is modified from Maberly et al. (2002).
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Concentrations of Chl-a also changed concomitantly 
with stratification; however, Chl-a concentrations were not 
significantly correlated with TN or TP concentrations 
(r  = −0.07, p = 0.80; and r = −0.31, p = 0.41, respectively). 
While the lake was stratified, Chl-a concentrations 
generally remained low, although they did increase slightly 
in June at Center (Fig. 4f). When the lake was mixing in 
December, the concentration of Chl-a was greatest 
(Fig. 4f). The highest Chl-a concentration recorded for 
Center during the study was from 10 m depth in December 
(4.95 µg L−1), a 152% increase from the average 
epilimnetic Chl-a values in April. December Chl-a concen-
trations were higher in the nearshore sites than in Center, 
reaching 5.98 ± 0.77 and 4.29 ± 1.69 µg L−1 in the 
epilimnion and 5.38 ± 0.43 and 6.04 ± 1.86 µg L−1 in the 
metalimnion of the Bays (Panajachel and Santiago), re-
spectively. Throughout the study period, Chl-a did not 
differ between the epilimnion and metalimnion in Center. 
Chl-a values in the hypolimnion of Center were always 
<1.0 µg L−1, except in December, when Chl-a concentra-
tions were as high as 3.25 µg L−1 at 60 m depth. 
River dynamics 
Changes in nutrient concentrations were similar in the 2 
major river inflows (Río Quiscab and Río San Francisco) 
during our sampling period. N species remained low in 
April and June (Fig. 5). TN concentrations began 
increasing in August; NH4
+ and NO3
− concentrations were 
highest in both rivers in December (Fig. 5). P species 
increased in concentration in June in both rivers 
following Tropical Storm Agatha. In Río Quiscab, PP 
concentrations increased by an order of magnitude in 
June (1.6 ± 1.7 mg L−1 P) compared to pre- and post-
Tropical Storm Agatha levels (Fig. 5). Likewise, in Río 
San Francisco, PP concentrations were an order of 
magnitude higher in June (2.3 ± 2.3 mg L−1 P) than in 
December (0.1 mg L−1 P). In Río Quiscab, concentrations 
of SRP were extremely variable in December (Fig. 5). On 
average, inorganic nutrient concentrations (NH4
+ and 
SRP) were higher in Río Quiscab whereas PP and total 
nutrient concentrations (TN and TP) were higher in Río 
San Francisco (Fig. 5). 
detection level in April and June but were higher in 
August (epilimnion 2.9 ± 5.5 µg L−1 N, metalimnion 33.3 
± 0.4 µg L−1 N) and December (epilimnion 5.6 ± 3.9 µg 
L−1 N, metalimnion 6.1 ± 3.3 µg L−1 N; Fig. 4a), when 
stratification was weaker. Meanwhile, across all depths, 
NH4
+ concentrations were lowest in June (6.7 ± 1.1 µg 
L−1 N) and highest in December when the lake showed 
the weakest stratification, more than tripling June’s con-
centrations (21.3 ± 0.5 µg L−1 N; Fig. 4b). SRP was 
generally <10 µg L−1 P throughout the year in the 
epilimnion and metalimnion, although the concentration 
more than doubled in June following Tropical Storm 
Agatha (Fig. 4c). Patterns of TN and TP concentrations 
were dissimilar at Center as well. Across all depths, 
average TN values decreased by >30% from April to 
December (217 ± 57.8 to 64.1 ± 28.7 µg L−1 N; Fig. 4d). 
Like SRP, TP concentrations were elevated in June, par-
ticularly in the hypolimnion where the mean concentra-
tion increased 63% over April concentrations to reach 
82.9 ± 15.6 µg L−1 P (Fig. 4e). Overall, the mean 
DIN:SRP or TN:TP ratios at Center (7.6 and 7.0, respec-
tively) indicated persistent P enrichment in this lake 
relative to N. Changes in the TN:TP ratio were driven by 
changes in TN concentration, such that the TN:TP ratio 
decreased across all depths from April to December 
(Table 3). 
Nutrient concentrations at the Bay sites followed 
similar patterns to those in Center but were typically 
higher. Dissolved N concentrations were highest in 
December (Fig. 4a and b). NO3
−
 were 2 orders of 
magnitude greater in the epilimnion in December than in 
April or June, reaching 151 ± 98.9 and 101 ± 41.4 µg L−1 
N in the epilimnion in Panajachel and Santiago Bay, re-
spectively. NH4
+ concentrations were similarly low in 
April and June and highest in December, reaching 43.3 ± 
23.6 µg L−1 N in the metalimnion at Santiago Bay. Similar 
to Center, SRP in Panajachel was highest in June 
following Tropical Storm Agatha (reaching 53.3 µg L−1 P; 
nutrient concentration data are not available in Santiago 
Bay in June; Fig. 4c). Meanwhile, patterns of TN concen-
trations across depths and between sites were decoupled 
(Fig. 4d). Although epilimnetic concentrations of TN in 
Panajachel were similar throughout the year, 139 ± 7.8 µg 
L−1 N, they varied more in Santiago. Epilimnetic TN con-
centrations in Santiago were lowest in April (100 ± 13.9 
µg L−1 N) and highest in August (177 ± 41.4 µg L−1 N). 
TN concentrations in the metalimnion at Panajachel and 
at Santiago decreased 82% and 60%, respectively, from 
June through December. Patterns of TP concentrations 
were similar to SRP, with the highest concentrations 
occurring in June in Panajachel (45.1 ± 15.1 and 80.9 ± 
36.4 µg L−1 P in the epilimnion and metalimnion, respec-
tively; Fig. 4e).
TN:TP (molar ratios)
April June August December
Epilimnion 16.4 6.8 5.8 4.5
Metalimnion 11.9 8.0 7.9 3.6
Hypolimnion 12.3 5.4 5.9 4.8
Table 3. Average total nitrogen to total phosphorus (TN:TP) ratios 
in Lake Atitlán at Center in 2010.
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Phytoplankton resource limitation and relation 
with ambient nutrient concentrations
The results of the experimental bioassays suggest that light 
and nutrients are both important for phytoplankton growth. 
In April, when light limitation was tested in full-factorial 
with nutrient treatments, light was secondarily limiting to 
NP colimitation (Fig. 6; Nutrient: F3,40 = 39.56, p < 0.001; 
Nutrient × Light: F3,40 = 6.60, p < 0.001). Nutrient treatment, 
month of experiment, and phytoplankton community were 
all significant for phytoplankton growth response (in terms 
of Chl-a concentrations; Treatment: F4,115 = 10.7, p < 
0.0001; Month: F1,115 = 410.6; Phytoplankton Community: 
F1,115 = 304.8, p < 0.0001), but there were significant inter-
actions between all main factors (3-way interaction: F4,115 = 
2.79, p < 0.05; Fig. 7). The one-way ANOVA tests within 
each depth and month consistently detected nutrient 
limitation of the phytoplankton community from the 
April June August December
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Epi
0 50 100 150 2000 50 100 150 2000 50 100 150 2000 50 100 150 200
ug/L
Bay (Panajachel)
Bay (Santiago)
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April June August December
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Epi
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
ug/L
Bay (Panajachel)
Bay (Santiago)
Center
April June August December
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Epi
0 20 40 0 20 40 0 20 40 0 20 40
ug/L
Bay (Panajachel)
Bay (Santiago)
Center
April June August December
Hypo
Meta
Epi
100 200 300 100 200 300 100 200 300 100 200 300
ug/L
Bay (Panajachel)
Bay (Santiago)
Center
April June August December
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Meta
Epi
25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100
ug/L
Bay (Panajachel)
Bay (Santiago)
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April June August December
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Meta
Epi
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
ug L-1
Bay (Panajachel)
Bay (Santiago)
Center
a. NO3
b. NH4
c. SRP
d. TN
e. TP
wet season
Bay (Panajachel) Bay (Santiago) Center
f. Chl a
Fig. 4. Vertical distributions of (a - e) nutrients and (f) chlorophyll a (Chl-a) in Lake Atitlán, Apr–Dec 2010. All units in µg (N, P, or Chl-a) L−1. 
Samplings during the wet season (May–Oct) are denoted with a black bar. Concentrations of soluble reactive phosphorus (SRP), total 
phosphorus (TP), nitrate (NO3), and total nitrogen (TN) were generally greater in the hypolimnion (Hypo) than at the surface (epilimnion or 
Epi) or mixing layer (metalimnion or Meta). Ammonium (NH4) and Chl-a show marked increases in concentration in December. Monthly 
averages from each site (Center, Panajachel Bay, Santiago Bay) are offset at each depth (epilimnion, n = 5; metalimnion, n = 2; hypolimnion, 
n = 7) to facilitate data interpretation. Error bars are ±1 standard error. 
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epilimnion (April: F4,14 = 14.0, p < 0.001; June: F4,15 = 5.1, 
p < 0.01; August: F4,14 = 16.1, p < 0.001; December: F4,13 = 
3.6, p < 0.03), but not in the phytoplankton communities 
from the metalimnion or hypolimnion (Fig. 7). Nutrient 
limitation shifted temporally (Fig. 7). The phytoplankton 
community from the epilimnion was NP colimited in April 
and June, but the response decreased from 111 to 23% 
between these months. In April, metalimnetic and hypolim-
netic communities seemed to respond to N, but the effect 
was not statistically significant (Fig. 7). In June, metalim-
netic communities were not limited by N, P, or TE; tests of 
hypolimnetic communities were not performed after April. 
By August, nutrient limitation in the epilimnetic community 
had shifted to P and TE limitation while, in the metalim-
netic community, nutrient limitation had shifted toward NP 
colimitation, although this was still not statistically 
significant. The same pattern of nutrient limitation remained 
through December in the epilimnion, although the 
magnitude of growth responses to these nutrient treatments 
had decreased from August (P: 95 to 18%; TE: 145 to 
19%). Tests of nutrient limitation of the phytoplankton 
community in the metalimnion were not performed in 
December.
The relative response of phytoplankton to nutrient 
additions was related to light availability. Based on 
equation 1, the mean light intensity in 2010 in the 
epilimnion was <20% of incident light and changed 
seasonally. During the months of the bioassays, Im was 
32% (Apr), 14% (Jun), 21% (Aug), and 7% (Dec) of 
incident irradiance. The 2 months with the lowest mean 
light levels were also the 2 months with the weakest phyto-
plankton responses to added nutrients, suggesting the phy-
toplankton were showing weaker responses to nutrient 
addition due to light limitation. 
The relative response for each treatment (as 
determined by equation 2) was compared to ambient 
nutrient conditions in the lake. As expected, almost all 
increases in ambient nutrient availability were negatively 
related with treatment effects, but the association was sta-
tistically significant only for NO3
− (r = −0.78, p < 0.05; 
Table 4). This outcome primarily reflects the association 
of the relative response in the N treatment with NO3
− con-
centrations and DIN:TP ratios at Center. Thus, in contrast 
to the results of the nutrient bioassay experiments showing 
signs of NP, P, or TE limitation, these correlations support 
N limitation of phytoplankton growth. 
In the Limnoraphis bioassays, nitrogenase activity was 
nutrient dependent in August (F4,15 = 16.77, p < 0.001) and 
in December, although the response in December was 
only marginally significant (F6,20 = 2.506, p = 0.056; 
Fig. 8). Responses of N fixation to nutrient additions 
showed a pattern similar to the phytoplankton community 
responses to nutrient additions. In August, nitrogenase 
activity in L. robusta was stimulated by P and TE 
enrichments (Fig. 8a). In December, when the TE 
treatment was replaced with individual metal treatments 
(Fe and Mo), nitrogenase activity was most strongly 
stimulated by Fe, but was also stimulated by P, FeP, Mo, 
and NP (Fig. 8b). 
Phytoplankton community composition
Similar to Chl-a concentrations, phytoplankton 
community composition shifted temporally. The diatom 
Aulacoseira granulata (Ehrenberg) Simonsen dominated 
the phytoplankton community during the dry season. In 
the wet season, the phytoplankton community was much 
more heterogeneous. The following genera were 
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Fig. 5. Nutrient concentrations in the 2 major river inflows into Lake 
Atitlán, Río Quiscab (white circles) and Río San Francisco (black 
squares), show similar temporal trends. Monthly averages of 
ammonia (NH4
+-N), nitrate (NO3
−-N), soluble reactive phosphorus 
(SRP), particulate phosphorus (PP), total nitrogen (TN), and total 
phosphorus (TP) are offset to facilitate data interpretation. Error bars 
represent ±1 standard error.
Fig. 6. Results of the resource limitation experiment showing that 
phytoplankton growth (as Chl-a) is primarily nitrogen and 
phosphorus (NP) colimited and secondarily light limited in April 
2010. Nutrient treatments were added nitrogen (N), phosphorus (P), 
nitrogen + phosphorus (NP), or no addition (Ctrl). Error bars 
represent ±1 standard error. 
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encountered most often in the phytoplankton communities 
of Lake Atitlán: (Cyanobacteria) Limnoraphis robusta, 
Microcystis; (Dinophyta) Ceratium hirundinella 
(O.F.Múller) Dujardin; (Ochrophyta, Bacillariophyceae) 
Aulacoseira granulata, Fragilaria crotonensis Kitton; 
(Ochrophyta, Chrysophyceae) Dinobryon divergens O.E. 
Imhof; and (Chlorophyta) Botryococcus braunii Kützing, 
Coelastrum Nägeli, Eudorina Ehrenberg, and Oocystis 
Nägeli ex A. Braun. While not recorded in the phytoplank-
ton tows, microscopic observations of water samples 
suggest that picoplanktonic cyanobacteria were more 
abundant in the spring than other times of year. 
Limnoraphis, Microcystis botrys Teiling and M. 
aeruginosa (Kützing) Kützing were present throughout 
the study period in the lake water, with the highest relative 
densities in January, July, and October.
Discussion
We were able to study nutrient dynamics in Lake Atitlán 
over the course of a year and before and after a tropical 
storm event. Based on previous sampling efforts in Lake 
Atitlán that suggest the lake is monomictic, we would have 
expected to find low epilimnetic nutrient concentrations 
during stratified conditions and an increase in nutrients and 
Chl-a during winter mixing (Deevey 1957, Weiss 1971, 
Brezonik and Fox 1974, Rejmánková et al. 2011). During 
our monitoring effort, we did observe an increase in 
nutrient and Chl-a concentrations in the epilimnion in 
December (Fig. 4), as would be expected with a 
monomictic hydrodynamic regime with winter mixing. A 
finer-scale hydrodynamic record is needed to accurately 
describe the mixing pattern of this lake basin, however. We 
also observed epilimnetic, pelagic TN concentrations 
(64–217 µg L−1 N), less than those found by Rejmánková et 
al. (2011; up to 470 µg L−1 N) but similar to historical 
values (100–200 µg L−1 N; Weiss 1971, Brezonik and Fox 
Fig. 7. Responses of phytoplankton biomass as indexed by changes in chlorophyll a to nutrient treatments in Lake Atitlán from April to 
December 2010. Experiments occurring during the wet season (May–Oct) are denoted with a black bar. Nutrient treatments were nitrogen (N), 
phosphorus (P), N + P (NP), trace elements (TE), or no addition (Ctrl). Nutrient responses were tested in phytoplankton communities from the 
epilimnion (Epi, 0–20 m depth), metalimnion (Meta, 30–40 m depth), or the hypolimnion (Hypo, 80–90 m depth). Shading in bars represent the 
limiting nutrient based on Table 2. Empty boxes indicate that nutrient bioassays were not performed for those treatment combinations. Asterisks 
in the box represent significance of treatment differences. No asterisk = no nutrient limitation, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
Error bars represent ±1 standard error.
Fig. 8. Nitrogenase activity in Limnoraphis robusta in (a) August and 
(b) December 2010. Nutrient treatments are: Ctrl = control, P = 
phosphorus enrichment, N = nitrogen enrichment, NP = combined N + 
P enrichment, TE = trace element enrichment, Fe = iron enrichment, 
PFe = combined Fe + P enrichment, Mo = molybdenum enrichment. 
Error bars indicate standard error of the mean (n = 8). Means sharing 
the same bar are not significantly different at the p < 0.05 level, based 
on ANOVA post hoc test of log-transformed data. Note the difference 
in scale between (a) and (b).
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1974). Conversely, epilimentic TP concentrations (this 
study: 51–83 µg L−1 P) were similar to Rejmánková et al. 
(2011; up to 95 µg L−1 P) and always above historical 
values (~10 µg L−1 P; Brezonik and Fox 1974), suggesting 
anthropogenic loading has more greatly directly influenced 
P concentrations than N concentrations. The current 
chemical record of the lake, albeit sparse, also suggested 
potential N limitation of phytoplankton growth 
(Rejmánková at al. 2011), thought to be common in tropical 
lakes (Lewis 1996, Talling and Lemoalle 1998, Abell et al. 
2012). We document large temporal variation in TN and TP 
concentrations (Fig. 4) and TN:TP ratios (Table 3), 
potentially related in part to nutrient inputs from Tropical 
Storm Agatha, and a shift in nutrient limitation of phyto-
plankton growth between June and August (Fig. 7) when 
little change in mixing conditions was observed (Fig. 2). 
These results support the need for further research to 
understand the dynamics of nutrients and limitation of phy-
toplankton growth in tropical lakes, as well as the consider-
ation of how tropical storms may impact these dynamics.
Hurricanes and cyclones are an important agent of 
disturbance in terrestrial ecosystems (Foster et al. 1998), 
but their impacts on freshwater ecosystems are not well 
documented. In rivers, hurricanes can lead to large 
increases in discharge, sediment delivery, and drinking 
water contamination (Mosley et al. 2004), although nutrient 
loading is dependent on ecosystem properties such as 
ecosystem age or land use (Lewis 1986, Mitchell et al. 
1997). In temperate estuaries, cyclones can dilute nutrient 
concentrations and promote mixing, temporarily preventing 
blooms (Paerl et al. 1998). In lakes, however, hurricanes 
can result in increased nutrient concentrations due to 
large-scale suspension of sediments (Havens et al. 2007). 
Tropical Storm Agatha stimulated nutrient delivery 
from the watershed to Lake Atitlán, leading to massive 
amounts of erosion and discharge (NOAA National 
Climate Data Center 2010). Post-storm runoff was likely 
composed of P-rich materials such as agricultural soils, 
fertilizers, and urban wastes as evidenced by the increases 
of P concentrations at Río San Francisco and Panajachel 
Bay after Tropical Storm Agatha (Fig. 4 and 5) and terres-
trially derived nutrients like Fe, although we do not have 
the water chemistry data to test this. P concentrations were 
elevated in central regions of the lake as well (e.g., Center 
station), suggesting nutrient delivery via storm events can 
stimulate phytoplankton growth well offshore (Fig. 4). 
Hypolimnetic TP concentrations were elevated in the 
center of the lake, also (Fig. 4), suggesting storm-induced 
mixing may have suspended sediments (Lewis 1974); 
however, storm-induced mixing is not evident in our 
temperature record (Fig. 2).
Climate projections of hurricanes in the coming century 
suggest an increase in storm intensity and rainfall due to an-
thropogenic climate change (Knutson et al. 2010). Tropical 
Storm Agatha caused the sudden transport of nutrients, par-
ticularly P, into the lake but, paradoxically, perhaps 
temporarily prevented a larger bloom event. Increases in 
Chl-a concentrations and the appearance of Limnoraphis in 
June suggest that phytoplankton growth, and particularly 
that of Limnoraphis, was temporarily stimulated by nutrient 
delivery from Tropical Storm Agatha. This fertilization 
effect was not strong enough to induce a bloom event, 
however; it may have been moderated by light limitation 
due to hurricane increased turbidity from the suspended 
sediment load. The response of other phytoplankton species 
to Tropical Storm Agatha was not as clear and had 
dynamics that seemed more directly related to lake stratifi-
cation. Although our data suggest that tropical storms may 
temporarily disrupt blooms, the nutrients they deliver to a 
lake will likely promote future bloom events. Increasing 
our knowledge of how hurricanes and tropical storms 
influence watershed hydrology, nutrient flows, and phyto-
plankton community composition to model lake eutrophi-
cation will be imperative for lake managers. 
Light limitation of phytoplankton
Although nutrient availability was the primary factor 
influencing phytoplankton growth in the epilimnion of 
Lake Atitlán, we also found evidence that light availability 
is secondarily limiting (e.g., Fig. 6). Light availability, 
however, is well known to influence the relationship 
between Chl-a and phytoplankton biomass. Under low 
light conditions, cells may have higher concentrations of 
Treatment
N P NP TE
NH4+ 0.06 −0.03 −0.07 −0.09
NO3− −0.78* −0.18 −0.01 −0.33
SRP 0.00 −0.69 −0.52 −0.44
TN 0.75 −0.26 0.02 −0.33
TP 0.41 −0.49 −0.64 −0.22
DIN:SRP −0.69 0.12 0.18 −0.11
DIN:TP −0.79* −0.15 0.03 −0.36
TN:TP 0.67 −0.02 0.48 −0.27
Table 4. Pearson correlation coefficient for the response of 
chlorophyll a to each nutrient treatment (nitrogen, N; phosphorus, P; 
NP together; or trace elements, TE) from the epilimnetic and metal-
imnetic bioassays versus ambient lake nutrient concentrations. 
Nutrient conditions are based on average ammonium (NH4
+), nitrate 
(NO3
−), dissolved inorganic nitrogen (DIN; NH4
+ + NO3
−), soluble 
reactive phosphorus (SRP), total nitrogen (TN), and total phosphorus 
(TP) concentrations or nutrient ratios at the corresponding depth at 
Center. An asterisk indicates that p < 0.05.
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Chl-a per unit biomass than high light conditions (e.g., 
Desortová 1981, Osborne and Raven 1986). Although this 
phenomenon can complicate interpretations of phytoplank-
ton growth responses under shifting light conditions (as in 
the nutrient bioassays incubated at the dock by Panajachel) 
with respect to the light bioassay, this tendency actually 
serves as a conservative indicator of the existence of light 
limitation. In other words, the increase in Chl-a concentra-
tions with increasing light conditions (Fig. 6) is still 
detected despite an expected concomitant decrease in 
Chl-a to phytoplankton biomass ratios. We suggest light 
limitation could be the reason we never found significant 
nutrient limitation of phytoplankton communities in the 
metalimnion or hypolimnion (Fig. 7). Light availability is 
also known to limit N fixation rates, even in tropical lakes 
(Lewis and Levine 1984, Mugidde et al. 2003, Rejmánková 
et al. 2011). Yet, we performed our bioassays of N fixation 
in the 2 months with the lowest mean light levels in the 
epilimnion (Jun and Dec) and, surprisingly, still found 
nutrient stimulation of N fixation (Fig. 8). Thus, while solar 
irradiation and processes that influence light penetration 
(e.g., hurricane-induced erosion and subsequent turbidity) 
should be considered in predicting which years are likely 
to have phytoplankton blooms in Lake Atitlán, we also 
suggest more research is needed to understand to what 
extent light availability influences N-fixing phytoplankton. 
Nutrient limitation of phytoplankton
Our results from the multiple tests of nutrient limitation 
give different insights into nutrient limitation of phyto-
plankton growth in Lake Atitlán and other tropical lakes. 
Results from our monitoring effort largely support N 
limitation of phytoplankton growth, as expected for 
tropical lakes (Lewis 1996). Lake Atitlán did not show the 
significant correlation between TP and Chl-a found in 
many temperate lakes (Huszar et al. 2006) and had a low 
TN:TP ratio (e.g., Abell et al. 2012), suggesting P is less 
likely to be limiting than N or another resource (Fig. 5a, 
Table 3), similar to other tropical lakes. Furthermore, the 
low observed molar TN:TP ratios (almost always <14) and 
the negative correlation between N availability and phyto-
plankton response to added N suggest an important role for 
N limitation of primary production. Because increases in N 
concentrations in the epilimnion were related to winter 
mixing in Lake Atitlán (Fig. 4), hydrodynamic events may 
be an important process for stimulating primary production 
in this and other tropical lakes (Corman et al. 2010). 
Although the lack of a significant, positive correlation 
between TN and Chl-a lends some ambiguity to the inter-
pretation of these results, this TN–Chl-a association may 
have been influenced by changes in the correlation between 
Chl-a and phytoplankton biomass due to shifts in phyto-
plankton species composition (Felip and Catalan 2000). 
Results from our experimental bioassay also support the 
persistence of nutrient limitation of phytoplankton in the 
epilimnion of Lake Atitlán throughout the year; however, 
the results indicate that the identity of that nutrient shifts 
temporally. Temporal shifts in phytoplankton nutrient 
limitation are often associated with concomitant shifts in 
nutrient availability (e.g., Sterner 1994), yet we found no 
evidence that the primary limiting nutrient of phytoplank-
ton growth (as determined by the bioassays) was related to 
ambient nutrient conditions (Table 4). 
We propose that the shift in nutrient limitation between 
June and August could be an indirect effect of an increase in 
N fixation earlier in the year, possibly related to Tropical 
Storm Agatha. N-fixing phytoplankton were in low 
abundance in the first part of the year but increased after 
June. In previous years, Limnoraphis robusta growth 
occurred in December (2008) and October through 
December (2009), times of the year when upwelling of 
nutrients due to mixing was likely occurring (Rejmánková 
et al. 2011). During our study in 2010, Limnoraphis 
increased in abundance much earlier in the year, in June, 
following the storm event. Tropical Storm Agatha promoted 
nutrient delivery to the lake, particularly P, and we suggest 
that this spurred growth of Limnoraphis robusta and, thus, 
N fixation, which might have been limited by low P concen-
trations (<7 μg L−1 P; Rejmánková et al. 2011). Concomitant 
with the increased Limnoraphis abundance, we no longer 
detected N limitation in the phytoplankton nutrient bioassays 
(Fig. 7), suggesting that N fixation by Limnoraphis robusta 
may have met N demand of the entire phytoplankton 
community (Rejmánková et al. 2011), thereby shifting the 
signal of nutrient limitation from NP colimitation to P 
limitation. N fixation also relies on production of 
nitrogenase, an enzyme complex with a metal cofactor. 
Increased production of nitrogenase associated with the 
increased growth of Limnoraphis robusta would account for 
the appearance in August of TE stimulation of both the phy-
toplankton community in the epilimnion and of nitrogenase 
activity in the Limnoraphis bioassay (Fig. 8 and 9). Thus, 
Tropical Storm Agatha may have stimulated Limnoraphis 
growth (due to increased runoff and nutrient delivery) and, 
consequently, shifted the pattern of nutrient limitation in the 
lake. Continued monitoring in the lake during years without 
tropical storms is needed to test this hypothesis.
The results of our experiments should be placed within 
the context of a changing ecosystem. Although our 
experiments took place over a year, nutrient dynamics in 
Lake Atitlán have been changing for a longer period of 
time (Rejmánková et al. 2011). Additions of nutrients from 
anthropogenic sources have greatly increased P concentra-
tions relative to N concentrations (Weiss 1971, Brezonik 
and Fox 1974, Rejmánková et al. 2011). If phytoplankton 
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in Lake Atitlán were previously predominantly P limited, 
this increase may have met phytoplankton demand for P 
and increased demand for N or inorganic carbon. Studies 
of sediment cores from Lake Atitlán may shed light onto 
the historical conditions of nutrient limitation in this lake.
Eutrophication in a deep, tropical lake
Lake Atitlán is a deep, tropical lake with no riverine 
outputs; therefore, in the absence of an outflow, nutrients 
delivered to the lake, whether derived from anthropogenic 
(e.g., fertilization use in the watershed) or meteorological 
(e.g., hurricane-induced erosion) activities, are likely to be 
retained in the water column for a long time. Recent events 
(e.g., presence of bloom-forming phytoplankton, increases 
in nutrient concentrations in the surface waters) indicate 
that the lake is changing (Rejmánková et al. 2011). 
Likewise, shifts in biological processes seem to have 
become important in determining the identity of the limiting 
nutrient(s). As discussed earlier, the shift toward P and TE 
limitation was likely due to the alleviation of N limitation 
by biological N fixation. This shift may have important 
consequences to promoting future phytoplankton blooms.
Trace metal stimulation of phytoplankton growth and N 
fixation also point to a potentially important role for these 
elements in Lake Atitlán. Mo and Fe are necessary 
components of the N2-fixing enzyme complex nitrogenase, 
and their shortage is known to limit N fixation. Thus, trace 
element availability is important for N fixation rates, and, 
consequently the growth of bloom-forming Limnoraphis. 
In marine environments, Fe is typically found limiting for 
N fixation (Berman-Frank et al. 2007, Romero et al. 2013). 
In freshwater lakes, both Fe and Mo limitation of N 
fixation have been documented (Wurtsbaugh et al. 1985, 
Glass et al. 2010, Romero et al. 2013). The fact that N 
fixation is limited by Fe (in addition to P limitation) in 
Lake Atitlán has potentially important implications for eu-
trophication. When light, temperature, and P concentration 
are suitable for cyanobacteria growth, the bloom onset may 
be regulated by Fe availability for N fixation. The onset of 
internal Fe2+ loading can often be controlled by anoxia 
(Molot et al. 2014), a condition that already occurs occa-
sionally near the bottom of the lake (S. Chandra, University 
of Nevada-Reno, December 2010, pers. comm.). Thus, 
bloom formation, which leads to bottom anoxia from de-
composition of bloom biomass and subsequent Fe2+ 
release, may be a positive feedback on Limnoraphis growth 
when lake mixing occurs. With our limited current record 
of monthly lake temperatures, we cannot determine if lake 
mixing is partial or complete. Finer temporal and spatial 
monitoring of Lake Atitlán is needed to determine the 
extent to which mixing is occurring and how this interacts 
with loading of Fe2+ or other nutrients to the epilimnion. 
Conclusion
The recent appearance of cyanobacterial blooms in Lake 
Atitlán indicates that the ecology of the lake has entered a 
period of change: the lake appears to be in the early stages 
of cultural eutrophication. Understanding how these 
changes are occurring, however, whether through years of 
chronic nutrient loading or pulsed disturbance events that 
flush watershed nutrients into the lake, is imperative for 
developing management practices that sustain a lake’s 
ecosystem services (e.g., safe drinking water, healthy 
fisheries, and ecotourism). Continued monitoring studies, 
like those conducted in northern temperate latitudes (e.g., 
North Temperate Lakes LTER, USA; Experimental Lakes 
Region, Canada), are needed in tropical lakes to better 
capture and understand temporal lake dynamics and to 
better understand how these important ecosystems respond 
to local, regional, and global change. By combining 
insights from multiple proxies of nutrient limitation, the 
information from our study further encourages a more 
rigorous evaluation of factors influencing nutrient 
dynamics in tropical lakes. The data provided help to 
identify aspects of tropical limnology distinct from 
temperate regions and may serve to improve management 
of these important resources. Finally, our results suggest 
how a pulsed disturbance event, a tropical storm, can alter 
ecological dynamics in a lake.
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